Objectives: To determine the efficacy and safety of amphetamine extended-release oral suspension (AMPH EROS) in the treatment of attention-deficit/hyperactivity disorder (ADHD) in a dose-optimized, randomized, double-blind, parallel-group study. Methods: Boys and girls aged 6 to 12 years diagnosed with ADHD were enrolled. During a 5-week, open-label, doseoptimization phase, patients began treatment with 2.5 or 5 mg/day of AMPH EROS; doses were titrated until an optimal dose (maximum 20 mg/day) was reached. During the double-blind phase, patients were randomized to receive treatment with either their optimized dose (10-20 mg/day) of AMPH EROS or placebo for 1 week. Efficacy was assessed in a laboratory classroom setting on the final day of double-blind treatment using the Swanson, Kotkin, Agler, M-Flynn, and Pelham (SKAMP) Rating Scale and Permanent Product Measure of Performance (PERMP) test. Safety was assessed measuring adverse events (AEs) and vital signs. Results: The study was completed by 99 patients. The primary efficacy endpoint (change from predose SKAMP-Combined score at 4 hours postdose) and secondary endpoints (change from predose SKAMP-Combined scores at 1, 2, 6, 8, 10, 12, and 13 hours postdose) were statistically significantly improved with AMPH EROS treatment versus placebo at all time points. Onset of treatment effect was present by 1 hour postdosing, the first time point measured, and duration of efficacy lasted 13 hours postdosing. PERMP data mirrored the SKAMP-Combined score data. AEs (>5%) reported during dose optimization were decreased appetite, insomnia, affect lability, upper abdominal pain, mood swings, and headache. Conclusion: AMPH EROS was effective in reducing symptoms of ADHD and had a rapid onset and extended duration of effect. Reported AEs were consistent with those of other extended-release amphetamine products.
Introduction
A ttention-deficit/hyperactivity disorder (ADHD) is prevalent in the United States, with a reported 11% of schoolaged children (i.e., more than 6.4 million based on 2011 estimates) affected (Visser et al. 2014) . Clinical practice guidelines recommend pharmacologic treatment with psychostimulants (with or without behavioral intervention), including amphetamine, as firstline medical treatment for ADHD in patients who have no comorbid disorders (Pliszka and Extended-release (ER) formulations that obviate the need for multiple doses per day and/or dosing during school hours are generally preferred over immediate-release formulations (Pliszka and AACAP Work Group on Quality Issues 2007) . Amphetamine extended-release oral suspension (AMPH EROS, Dyanavel Ò XR;
Tris Pharma, Inc., Monmouth Junction, NJ) has been approved by the U.S. Food and Drug Administration for the treatment of ADHD in children aged 6 to 17 years (Dyanavel XR 2017) . The study results discussed in this article formed the basis for approval of AMPH EROS in the United States. The target product profile of the ER amphetamine liquid formulation was designed to have a rapid onset of clinical effect and duration of effect of at least 12 hours after dosing. According to the American Academy of Pediatrics, about 50% of pediatric patients with ADHD who fail to respond to one stimulant medication may have a positive response to another stimulant; therefore, preferential response may dictate the choice of stimulant (amphetamine or methylphenidate) for an individual patient with ADHD (American Academy of Pediatrics 2011). In addition, lowdose stimulants may produce positive, but suboptimal, effects in some children; thus, titration to maximum doses that control symptoms, while minimizing adverse effects, is preferred over titration strictly on a milligram-per-kilogram basis (subcommittee on Attention-Deficit/Hyperactivity Disorder et al. 2011) . In accordance with these guidelines, the dose of AMPH EROS can be individualized based on the needs and response of the patient (Dyanavel XR 2017) .
Difficulty in swallowing pills is a potential treatment barrier reported among children. In one study, 67 (54%) of 124 children aged 6 to 11 years were initially unable to swallow a pill, and even after training, 11 (16%) of the 67 children still could not swallow a pill (Meltzer et al. 2006) . Furthermore, the taste and texture of the medication, especially if crushed, can influence the child's acceptance to swallow the medication (Beck et al. 2005; van Riet-Nales et al. 2016) . Oral liquid formulations offer the advantage of a low dosing volume, dosing flexibility, and ease of swallowing, which is especially important in young children (van Riet-Nales et al. 2016) . Thus, an ER amphetamine liquid formulation provides an ageappropriate solution for children or young adults who are unable to swallow a pill or a tablet.
Careful consideration must be exercised in selecting an optimal study design that will provide data to inform clinical decisionmaking. The laboratory classroom model provides a strictly controlled environment that enables simultaneous investigation of pharmacokinetic and pharmacodynamic parameters of response (Wigal and Wigal 2006) . By age and developmentally appropriate activities, this methodology facilitates the systematic collection of information (e.g., dosing, safety, attention, behavior, and seatwork productivity) critical for the management of ADHD in clinical practice.
A long-acting liquid amphetamine may assist clinicians in individualizing the dose for each patient, while balancing effectiveness with adverse events (AEs). Therefore, an efficacy and safety study of AMPH EROS in pediatric patients with ADHD using a laboratory classroom study design (Wigal and Wigal 2006) was conducted to establish the onset and duration of clinical effect and inform clinicians making treatment decisions.
Methods

Study design
This was a dose-optimized, randomized, parallel-group, doubleblind, placebo-controlled laboratory classroom study conducted at five investigational centers in the United States. The study consisted of a 5-week, open-label, dose-optimization phase followed by a 1-week, randomized, double-blind, placebo-controlled phase (Fig. 1) .
In the open-label phase, AMPH EROS was initiated at a starting dose of 2.5 or 5 mg, based on investigator preference, and was administered once daily in the morning. The dose was then titrated by 2.5-to 10-mg increments every 4 to 7 days until an optimal dose or a maximum daily dose of 20 mg was reached. Dose titrations occurred at the investigator's discretion at each visit during the open-label phase to achieve efficacy and tolerability based on assessments of the patient's ADHD signs and symptoms using the ADHD Rating Scale, the Clinical Global Impression (CGI)-Improvement scale, and the CGI-Severity scale, along with observations of potential drug-induced AEs. Dose reduction could occur at any time during the open-label phase to ensure patient safety. Patients who could not tolerate a minimum dose of 10 mg/ day were discontinued, as were patients who had not achieved a stable dose at least 1 week before entry into the double-blind phase.
At the end of 5 weeks, patients who had achieved a stable dose in the opinion of the study investigator continued to the double-blind portion of the study and were randomly assigned 1:1 to receive either AMPH EROS at their optimized dose (10-20 mg/day) or placebo orally once daily for 1 week. Efficacy was assessed in a laboratory classroom setting on the final day of the double-blind phase. Snacks and meals were provided ad libitum before dosing and during the laboratory classroom days. The fat and calorie content were not restricted.
The study was approved by the institutional review board (IRB) and was conducted in accordance with Good Clinical Practice.
FIG. 1.
AMPH EROS clinical trial design. ADHD, attention-deficit/hyperactivity disorder; AMPH EROS, amphetamine extendedrelease oral suspension.
EFFICACY AND SAFETY OF AMPH EROS
Investigators could not commence the study before providing evidence of IRB approval. Changes in research activity were not allowed without IRB approval, except where necessary to eliminate apparent immediate hazards to the subjects, and each investigator provided a final report to their IRB at completion of the study. Informed consent was obtained from all caregivers and/or legal representatives of the patients, or assent, as appropriate based on patient age, before the start of the study and before the conduction of any study-related procedures.
Study patients
Eligible patients were children aged 6 to 12 years, who were diagnosed with ADHD by a psychiatrist, psychologist, developmental pediatrician, pediatrician, or experienced licensed allied health professional according to the Diagnostic and Statistical Manual of Mental Disorders, Fourth Edition-Text Revision (DSM-IV-TR) criteria (American Psychiatric Association 2000). ADHD was confirmed at screening using the Kiddie-Schedule for Affective Disorders and Schizophrenia (Kaufman et al. 1997 ) structured clinical interview. In addition, the patient must have scored ‡90th percentile for sex and age on the ADHD Rating Scale (DuPaul et al. 1998) in at least one of the following categories: hyperactiveimpulsive subscale, inattentive subscale, or total score. Finally, the investigator must have determined a need for pharmacologic treatment for ADHD.
Exclusion criteria included DSM-IV Axis I active disorder (including severe anxiety disorder, psychotic disorders, conduct disorder, pervasive developmental disorder, eating disorder, obsessivecompulsive disorder, major depressive disorder, bipolar disorder, substance use disorder, autism spectrum disorder, chronic tic disorder, or personal or family history of Tourette syndrome), clinically significant cognitive impairment, history of chronic or uncontrolled medical illness, use of prohibited drugs or monoamine oxidase inhibitors or atomoxetine within 30 days of baseline visit, and clinically significant abnormal electrocardiogram or laboratory test values at screening. A history of lack of response to amphetamine was exclusionary. Oppositional defiant disorder, specific phobias, and learning disorders were among the comorbidities permitted.
Study sites
The clinical sites selected for this study were led by Principal Investigators with recognized expertise in the conduction of laboratory classroom studies in children with ADHD. These types of studies were the basis of approval for several long-acting stimulant medications.
Study assessments
Efficacy was assessed by trained laboratory school teachers and raters using the Swanson, Kotkin, Agler, M-Flynn, and Pelham (SKAMP) Rating Scale (Wigal et al. 1998; Wigal and Wigal 2006) and the Permanent Product Measure of Performance (PERMP) test (Wigal and Wigal 2006) . The SKAMP is a 13-item, teacher-rated, 7-point impairment scale that assesses manifestations of ADHD in a classroom setting and includes two derived subscales, Attention and Deportment (Wigal et al. 1998; Wigal and Wigal 2006) . The PERMP is a timed, written test that measures the number of math problems attempted and solved correctly in 10 minutes (Wigal and Wigal 2006) . Degree of difficulty for each child was determined by Race designation of ''other'' includes Asian, Native Hawaiian, and biracial (e.g., white and Asian, black and white, white and Native Hawaiian).
ADHD, attention-deficit/hyperactivity disorder; AMPH EROS, amphetamine extended-release oral suspension. Reasons for discontinuation included study site terminated by sponsor due to inability to recruit a minimum cohort in the allotted time specified by the protocol (n = 4), consent withdrawn (n = 2), lost to follow-up (n = 1), illness on classroom day (n = 1), and overslept on classroom day (n = 1).
AMPH EROS, amphetamine extended-release oral suspension.
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an 8-minute PERMP placement test. Both SKAMP Rating Scales and PERMP tests were administered predose and at 1, 2, 4, 6, 8, 10, 12, and 13 hours postdose in classroom sessions during the laboratory school study day. Safety was assessed by the incidence and severity of treatmentemergent AEs (TEAEs), which were monitored and reported throughout the study. Blood pressure and pulse were measured throughout the study and potentially clinically significant measurements were tabulated. Potentially clinically significant values were defined as follows: systolic blood pressure >95th percentile (observed value) or ‡20 mm Hg increase from baseline, diastolic blood pressure >95th percentile (observed value) or ‡10 mm Hg increase from baseline, and pulse >110 bpm (observed value) or ‡25 bpm increase from baseline. Systolic and diastolic percentiles were determined based on patients' age, gender, and height percentiles from the chart in the Fourth Report on the Diagnosis, Evaluation, and Treatment of High Blood Pressure in Children and Adolescents (National High Blood Pressure Education Program Working Group on High Blood Pressure in Children and Adolescents 2004).
Subjects' weight was measured at screening, at baseline, and at study end, 7-14 days after the last dose of double-blind study medication was administered. Suicidal thoughts and behavior were measured by trained raters at the baseline visit and at all study visits through final study visit/early termination using the ColumbiaSuicide Severity Rating Scale (C-SSRS) (Posner et al. 2011 ).
Statistical analysis
Efficacy analyses were based on the intent-to-treat (ITT) population, defined as randomized patients who received at least one dose of double-blind study treatment and had at least one postdose assessment of the primary efficacy variable. Safety assessments were based on the enrolled safety population, defined as enrolled patients who received at least one dose of open-label study treatment. The randomized safety population was defined as all randomized patients who received at least one dose of double-blind study treatment.
The primary efficacy endpoint was the change from predose (defined as the time immediately before AMPH EROS administration on the laboratory classroom day) in the model-adjusted average of SKAMP-Combined score at 4 hours postdose. The treatment difference between AMPH EROS and placebo was estimated using least squares (LS) means from a mixed-effects repeated-measures model with study center, treatment, time point, and time point by treatment interaction as fixed effects and patient as a random effect. Intent-to-treat population. The SKAMP-Combined score is obtained by summing items 1-13, where each item is rated on a 7-point scale (0 = normal to 6 = maximal impairment).
a Treatment comparisons for change from predose scores were assessed using a mixed-model repeated-measures analysis, with treatment (AMPH EROS/placebo), study center, time point, and time point by treatment interaction as main effects and patient intercept as a random effect.
AMPH EROS, amphetamine extended-release oral suspension; LS, least squares; SKAMP, Swanson, Kotkin, Agler, M-Flynn, and Pelham.
FIG. 2.
Change from predose SKAMP-Combined scores over time by treatment group (ITT population). AMPH EROS, amphetamine extended-release oral suspension; ITT, intent-totreat; LS, least squares; SKAMP, Swanson, Kotkin, Agler, M-Flynn, and Pelham. The SKAMP-Combined score is obtained by summing items 1-13, where each item is rated on a 7-point scale (0 = normal to 6 = maximal impairment). Treatment comparisons for change from predose scores were assessed using a mixed-model repeated-measures analysis, with treatment (AMPH EROS/placebo), study center, time point, and time point by treatment interaction as main effects and patient intercept as a random effect. { p < 0.0001, treatment difference relative to placebo.
EFFICACY AND SAFETY OF AMPH EROS
Onset and duration of efficacy of AMPH EROS versus placebo were key secondary efficacy endpoints that used change from predose SKAMP-Combined scores and were tested with a fixed-sequence testing procedure, using the same model as the primary efficacy variable. Assessments of time difference were conducted at a time point only if all previously tested time points showed a treatment difference of p < 0.05. Onset of efficacy occurred at the earliest postdose time point at which a statistically significant ( p < 0.05) treatment difference was found, and duration of efficacy was the difference between onset time and the last consecutive time point at which the treatment difference was still statistically significant ( p < 0.05).
For each treatment and for the difference between treatments, descriptive statistics were provided for SKAMP-Combined scores, SKAMP Attention scores, SKAMP Deportment scores, and PERMP scores at each time point during the laboratory classroom session; variables were also analyzed using a mixed-model repeated-measures method. Table 1 . More boys (68.7%) than girls (31.3%) participated in the study. The study population was 55.6% white, 34.3% black, 1% Asian, 2% Native Hawaiian or other Pacific Islander, and 7% biracial; 39.4% were of Hispanic/Latino ethnicity. Most patients had inattentive (20.2%) or combined type (78.8%) ADHD. Five subjects (4.7%) had comorbid oppositional defiant disorder and two participants (1.9%) had specific phobias.
Results
Demographic and baseline clinical characteristics are shown in
Patient disposition
Study enrollment included 108 patients, with 107 included in the enrolled safety population and 100 of these in the randomized safety population. A total of 99 patients (AMPH EROS, n = 51; placebo, n = 48) completed the study and were included in the ITT population (Table 2) . Nine patients discontinued from the study, eight during the open-label phase and one after randomization to AMPH EROS. In the open-label phase, the primary reason (4/8 patients; 50.0%) for study discontinuation was termination of a study site by the sponsor due to lack of subject enrollment; after randomization, one patient discontinued because of an illness on a laboratory school study day (Table 2) .
Efficacy assessments
The primary efficacy endpoint of change from predose in the model-adjusted average of SKAMP-Combined score observed at 4 hours postdose was met (LS mean treatment difference [95% CI], -14.8 [-17.9 to -11.6], p < 0.0001; Table 3 All values are n (%). AMPH EROS, amphetamine extended-release oral suspension; TEAE, treatment-emergent adverse event.
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p < 0.0001). The duration of efficacy persisted until the final time point at 13 hours postdose (treatment difference LS mean [SE], -9.2 [1.61], p < 0.0001). At each postdose time point measured throughout the laboratory classroom day, the change from predose SKAMP-Combined score was statistically significantly improved following treatment with AMPH EROS versus placebo (Fig. 2) . The SKAMP Attention and Deportment subscale scores demonstrated significant response to AMPH EROS at all postdose time points (at least p < 0.05). The treatment difference (LS mean [SE] ) for the average change across all time points between AMPH EROS and placebo was -2.2 (0.39) for Attention and -3.3 (0.51) for Deportment ( p < 0.0001 for both), with effect sizes of 1.1 and 1.3 for Attention and Deportment, respectively. PERMP scores (problems attempted and problems correct) were significantly improved with AMPH EROS at all postdose time points compared with placebo ( p < 0.0001). The treatment difference (LS mean [SE] ) for the average change across all time points between AMPH EROS and placebo was 35.7 (4.59) for attempted problems and 33.0 (4.38) for correct problems ( p < 0.0001 for both; Fig. 3 ).
Safety assessments
The mean (SD) length of exposure to study medication was 36.6 (6.72) days, and the mean (SD) final optimized daily dose was 15.4 (4.10) mg or 0.47 (0.16) mg/kg.
During the open-label phase, 64 patients (59.8%) reported ‡1 TEAE. The dose of AMPH EROS was reduced in five patients, each with a report of a moderate TEAE (insomnia [n = 3], dysphoria [n = 1], and fingernail picking [n = 1]) during weeks 2 to 3; all resolved except for the fingernail picking. A total of 26 subjects experienced a moderate TEAE during the open-label phase. During the double-blind phase, 15 patients (AMPH EROS, n = 9 [17.3%]; placebo, n = 6 [12.5%]) reported ‡1 TEAE (Table 4) . During the open-label phase of the study, 26% reported a decreased appetite, while 1% reported a decreased appetite during the double-blind phase of the study. An AE of weight decreased was reported for three subjects in this study. Two of those AEs were rated as mild in severity and were associated with a pound and 2-pound weight loss, respectively. The third report of weight decreased was rated as moderate in severity and was associated with an 8-pound weight loss.
Potentially clinically significant vital sign values during the double-blind phase are shown in Table 5 . There were no deaths or serious TEAEs reported during the study, and there were no TEAEs leading to premature withdrawal of study medication. Most (78.0%) TEAEs were reported as mild in severity, and none was severe. No patient reported suicidal ideation or behavior on the C-SSRS during any phase of the study.
Discussion
In this study, treatment with AMPH EROS resulted in a statistically significant ( p < 0.0001) improvement in the change from predose SKAMP-Combined score at 4 hours postdose compared with placebo in children with ADHD. Consistent with the findings for the SKAMP-Combined scores, SKAMP Attention and Deportment subscales and PERMP scores showed significant improvement with AMPH EROS versus placebo at all assessed time points, which indicates that AMPH EROS is effective in treating both domains of ADHD-attention and hyperactivity/impulsivity. The results of this study establish the efficacy and safety of this new ER liquid formulation of amphetamine.
A significant separation from placebo occurred at each postdose time point assessed (1, 2, 4, 6, 8, 10, 12, and 13 hours) , with onset of action of AMPH EROS at 1 hour postdose and duration of efficacy extending to 13 hours postdose ( p < 0.0001). Although no pharmacokinetic/pharmacodynamic relationship has been established for AMPH EROS, the plasma concentration over time curve in children 6-12 years of age is characterized by a rapid initial absorption with levels peaking around 4-5 hours postdosing and then slowly declining over the remainder of the day (Dyanavel XR 2017) . Clinical effect in our study population is expected within an hour of dosing and, when dosed optimally, the effect should last for 13 hours postdose.
A robust treatment effect was observed with AMPH EROS in this study, with effect sizes of 1.8 for the SKAMP-Combined score and 1.1 and 1.3 for the SKAMP Attention and Deportment subscales, respectively. In a meta-analysis conducted by Faraone et al. (2009) , the effect size among six long-acting stimulants was 0.95, with the highest effect sizes reported for dextroamphetamine (1.13) and lisdexamfetamine dimesylate (1.52). Thus, the effect sizes found for AMPH EROS are consistent with other long-acting stimulants.
AMPH EROS was well tolerated; most reported TEAEs were mild in severity, and no severe events were reported. As might be expected, TEAEs attenuated over time; thus, more patients reported ‡1 TEAE during the open-label phase (60%) than during the double-blind phase (15%). During the open-label phase, decreased appetite (26.2%), insomnia (13.1%), and affect lability (9.3%) were most commonly reported with AMPH EROS. Overall, the safety profile of AMPH EROS is similar to that for other long-acting amphetamines (Biederman et al. 2002; McCracken et al. 2003; Wigal et al. 2009 ). There were no deaths, serious AEs, or reports of suicidal ideation or behavior during the study. Long-acting medications for the treatment of ADHD have slower rises and lower peak levels of stimulant blood levels, which may lessen the likelihood of abuse and dependence (Cascade et al. 2008 ). Nonetheless, patients should be assessed for the risk of abuse before the drug is prescribed and monitored for signs of abuse and dependence while on therapy. In addition, there may be an increased potential for diversion of controlled substances arising from family members or friends of family members (Upadhyaya 2008) .
There are a number of strengths of this study. First, the laboratory school protocol design used in this study allowed for a precise determination of drug onset and duration of clinical effect. The 5-week dose optimization period allowed each patient to be titrated to a stable dose, with investigators' clinical judgment and assessment of tolerability and efficacy reflecting how dose optimization decision-making occurs in clinical practice.
The selected primary outcome variable gives credence to the importance of both domains of ADHD (i.e., attention and hyperactivity/impulsivity), with the subscales allowing assessment of the drug's effect on each individual domain. The PERMP results mirrored the SKAMP results, thereby helping to validate the primary outcome finding. Use of a parallel-group study design limited the exposure to placebo to 1 week. Finally, the demographics of the study population in this study reflect a typical clinic population with respect to frequency of ADHD types, gender, and race, although it included a strong representation of Hispanic ethnicity.
Some potential limitations of this study included the short study duration, which precludes any conclusions regarding the long-term use of AMPH EROS in the studied population. Study patients were dosed more aggressively (i.e., required to reach a minimum dose of 10 mg/day) and were managed by experts in the field, which may not be typical in clinical practice. Thus, findings from this study may not generalize to children with ADHD cared for in primary care clinics where lower doses of stimulants may be used ( Jensen et al. 2001) . In addition, patients with significant psychiatric comorbidities were excluded, which may limit the generalizability of these data. Finally, the study was not powered to determine differential responses to treatment, if any, per ethnicity, race, or ADHD subtype.
Conclusions
The efficacy of AMPH EROS, the first ER liquid amphetamine formulation, versus placebo was demonstrated and showed a rapid onset of action and extended duration of clinical effect in children aged 6 to 12 years with ADHD. AMPH EROS was well tolerated in this study, with a safety profile similar to that of other long-acting amphetamines.
Clinical Significance
The results of this study establish, in an analog classroom setting, that AMPH EROS, a new ER liquid formulation of amphetamine, was safe and effective in the treatment of children aged 6 to 12 years with ADHD. The study design, similar to laboratory analog classroom studies with other agents used for ADHD, demonstrated a statistically significant improvement in deportment and attention (as assessed by trained, blinded raters) from 1 to 13 hours after a morning dose of AMPH-EROS. AEs, as with other agents, tended to be mild to moderate in severity and did not result in study discontinuation in any of the patients. As with all such study designs measuring short-term treatment effects, the question of longterm outcome in later childhood and in adulthood is left to future studies to address.
